The water shortage in China, particularly in Northwest China, is very serious. There is, therefore, great potential for improving the water use efficiency (WUE) in agriculture, particularly in areas where the need for water is greatest. A two-season (2012 and 2013) study evaluated the effects of irrigation and fertilizer rate on tomato (Lycopersicum esculentum Mill., cv. "Jinpeng 10") growth, yield, and WUE. The fertilizer treatment significantly influenced plant height and stem diameter at 23 and 20 days after transplanting in 2012 and 2013, respectively. As individual factors, irrigation and fertilizer significantly affected the leaf expansion rate, but irrigation × fertilizer had no statistically significant effect on the leaf growth rate at 23 days after transplanting in 2012. Dry biomass accumulation was significantly influenced by fertilizer in both years, but there was no significant difference in irrigation treatment in 2012. Our study showed that an increased irrigation level increased the fruit yield of tomatoes and decreased the WUE. The fruit yield and WUE increased with the increased fertilizer rate. WUE was more sensitive to irrigation than to fertilization. An irrigation amount of 151 to 208 mm and a fertilizer amount of 454 to 461 kg⋅ha −1 (nitrogen fertilizer, 213.5-217 kg⋅ha −1 ; phosphate fertilizer, 106.7-108 kg⋅ha −1 ; and potassium fertilizer, 133.4-135.6 kg⋅ha −1 ) were recommended for the drip fertigation of tomatoes in greenhouse.
Introduction
Technologies such as drip irrigation and fertigation can improve WUE and decrease salinization while maintaining or increasing yields [1] . Fertigation is an agricultural water management technology that supplies water and fertilizer simultaneously in a drip irrigation system, feeding a crop by injecting soluble fertilizers into water and then transporting them into the root zone [2] . Fertigation, which can improve the efficiency of irrigation water and fertilizer, is a new fertilization method of precision agriculture [3] . In the late 1970s, the use of fertigation technology was widespread in China, particularly in the North and Northwest regions, where water shortage is very serious [4] . In drip fertigation systems, which combine drip irrigation with fertilizer application, the fruit yield of tomato was 20-30% higher in drip fertigation than in furrow irrigation [5] . It is well known that water and fertilizer are the two main factors limiting vegetable and crop production in arid and semiarid regions [6] [7] [8] .
Tomato is one of the most popular and widely grown vegetables in the world. The first reason for this is that tomatoes are beneficial to our heath and are good sources of provitamins, carotene, and vitamin C. The second reason is that tomatoes are particularly rich sources of lycopene, which is a very powerful antioxidant and helps prevent the development of many forms of cancer [9] [10] [11] [12] . Hence, this vegetable is gaining importance in both developing and developed countries, and efforts are being made to improve the quality and quantity of tomato production [13] [14] [15] . Of course, water supply is important for tomato yield quantity and quality. Increasing the water supply increases fruit yield but significantly reduces the brix, lycopene, and total polyphenol contents of fruits; the ascorbic acid content is significantly higher under optimum water supply conditions [16] [17] [18] . Water stress is one of the most important environmental factors that regulate plant growth and development and limit plant production [19] .
Tomato responds well to fertilizer application and is reported to be a heavy feeder of nitrogen (N), phosphorus (P), and potassium (K) fertilizer [5] . It is partially compatible with drip irrigation, which is a very efficient use of water and nutrients [20, 21] . Previous studies have suggested that the N use efficiency and N agronomic efficiency decreased with increases in fertilizer N rate and that the N rate of 271 kg⋅ha −1 produced the highest marketable yield and 265 kg⋅ha −1 produced the optimum economic yield [22, 23] . Nitrogen, phosphorus, and potassium are essential for tomato production [24] , and the recommended balanced rates of fertilization include twice as much N as P and K [25] . According to the literature, the application of deficit irrigation at the seedling stage may not significantly influence the total yield of greenhouse tomato [26] . The excessive use of irrigation water leads to low water productivity and deterioration [27] . To maximize tomato water productivity, priority must be given to the efficient use of water, both to improve yields and to control water use by minimizing nonbeneficial water use [28] .
Therefore, the development of efficient agricultural water use is not only necessary but also feasible, being critical to improve the fruit yield and WUE. To obtain high yields and maximum profits in commercial tomato production, the optimal management of both fertilizer and water is required. Previous studies have focused on the influence of irrigation amount and fertilizer rate on tomato growth, fruit yield, and quality. Meanwhile, it is necessary to select an optimal combination of irrigation and fertilization to improve agricultural water and fertilizer management practices. Therefore, the aim of this study is to explore the effect of irrigation and fertilization on the growth, yield, and quality of tomato with fertigation by drip irrigation and to make recommendations regarding the strategies for growing greenhouse tomatoes. 
Materials and Methods

Experimental Site and
. The experiment was organized using a randomized block design with three replications; each plot was 6 m long, 1.25 m wide, and 22.5 (3 × 6 × 1.25 = 22.5) m 2 in area. Total 9 divided and ridged experimental plots were divided by a water barrier sheet. A mosaic column emitter type drip irrigation tape (Hebei Green Water Conservancy Engineering Co., Ltd., Shijiazhuang, Hebei Province, China) was used in this experimental irrigation system, with an external diameter of 16 mm, drip tape emitter spacing of 30 cm, a head flow of 2 L h −1 , and a drip irrigation operating pressure of 0.3 MPa (Figure 1 ).
Crop Management, Harvesting, and Measurements.
The tomato seedlings were transplanted on 21 Mar 2012 and 31 Mar 2013. The furrow-film mulch was cultivated by the local traditional planting patterns and calendars using tomato ridging in a tube with a two-line spaced layout; the tubes were placed 50 cm apart, with a 45 cm planting distance and 78 plants in each experimental plot. Drip fertigation was performed using a fertilizer of urea (46% N), diammonium phosphate (44% P 2 O 5 ), and potassium chloride (60% K 2 O). This fertilizer was applied five times at the recovering stage, the blossoming and bearing fruits stage, the first fruit enlargement period, the second fruit enlargement period, and the third fruit enlargement period, and the fertilization ratio was 1 : 1 : 2 : 2 : 2 for those applications.
The plant height in each treatment was measured every 15 to 20 days after transplanting. The height of 3 randomly selected plants from each experimental unit was measured three times per month from the soil level to the growing point.
Changes in stem diameter were continuously recorded during the treatment period using a shrinkage-type microdisplacement detector (Portable Battery Internal Resistance Tester, JZ-1A, Peking, 2010). All of the measurements were recorded three times and the pattern of response was similar in all.
The number of leaves longer than 20 mm was determined once every 2 weeks, and the maximal leaf width was measured for every leaf. The leaf area was estimated by multiplying the product of leaf length and leaf width by a conversion factor estimated from the destructive sampling.
Plants were harvested in three replicates and separated into roots, leaves, fruits, and stem. The plant parts were dried in an open-air draught oven at 75 ∘ C for 72 h to estimate the dry weight.
Ripe tomatoes were harvested and fresh total yield and total number of tomatoes from all of the plants in each plot were determined. The fruit yield was measured throughout the crop. Fruits were harvested twice a week for a period of 9 weeks and were separated into marketable and total yields.
Irrigation Management.
Irrigation treatments were initiated using the surface drip irrigation system during transplanting, and the irrigation amount was 40 mm. Irrigation was applied using a subsurface drip system based on the daily crop evapotranspiration (ET ), which was calculated as a product of the reference evapotranspiration (ET 0 ) and the stage-specific crop coefficients ( ).
The FAO 56 Penman-Monteith method is recommended as the standard method for ET 0 estimation [29, 30] . 
where is the net radiation (MJ m
, is saturation vapour pressure (kPa), is actual vapour pressure (kPa), and − (VPD) is the vapour pressure deficit (kPa). The calculation procedures of parameters , , , , Δ, , and were described in FAO 56 [31, 32] . The average daily environmental condition at different growth stages of tomato inside the greenhouse and the seasonal variation of daily ET 0 are calculated using (1) (Figure 2) . The values were as follows: ini = 0.5, mid = 0.85, and end = 0.6 [32] . The irrigation amounts of the W1, W2, and W3 treatments were, respectively, 262.00, 206.50, and 151.00 mm in 2012 and 279.80, 219.85, and 159.85 mm in 2013. The irrigation frequency and total amount of water applied during the full irrigation treatment are given in Figure 3 . The water use efficiency (WUE) was determined using the following equation [33, 34] :
where WUE is measured in kg⋅m −3 , is the total fruit yield (t⋅ha −1 ), and ET is the crop water consumption (mm).
Statistical Analysis.
Analysis of variance was conducted on the plant height, stem diameter, dry biomass accumulation, and distribution in different organs using a two-way analysis of variance (SAS GLM procedure version 9.2, SAS Institute Ltd., North Carolina, USA). Duncan's multiple range tests were considered significant when < 0.05.
Results
Plant Height, Stem Diameter, and Leaf Growth Rate.
The effects of irrigation amount and fertilizer rate on plant height at the whole growth stages are shown in Table 1 . In 2012, the results show that the single factors of irrigation amount or fertilizer application rate very significantly affected plant height at 23 days after transplanting, and the interaction between irrigation and fertilization had an obvious effect. The highest plant height was 40.8 cm in the W2F1 treatment, which was significantly higher than that of the other plants. At 37 days after transplanting, the average added values of plant height in W3 (40.8 cm) were 6.9% and 10.3% higher than those in the W1 and W2 treatments in 2012. During the recovering stage, the rate of plant height increase was faster, and, with the advancement of the blossoming and bearing fruits stage, the rate of increase decreased by 53 days after transplanting. The average plant height in W3 was higher than that in the W1 treatment, but there was no significant plant height difference among the irrigation treatments 70 days after transplanting. In addition, irrigation × fertilizer had no statistically significant effect on plant height. D is the days after transplanting and columns with the same letter represent values that are significant at the 5% probability level. " * * * " means < 0.001, " * * " means 0.001 < < 0.01, " * " means 0.01 < p < 0.05, and "NS" means > 0.05.
The plant stem plays a very important role in plant anchorage and in the movement and transport of water, solutes, and nutrients. Importantly, the stem functions in photosynthesis and nutrient storage. The effects of irrigation and fertilizer on tomato stem diameter at the whole growth stages are shown in Table 2 . At 23 days after transplanting, the highest stem diameter was 8.9 mm in 2012 and 6.8 mm in 2013. The fertilizer treatment very significantly influenced the tomato stem diameter, irrigation × fertilizer significantly influenced the stem diameter, and irrigation treatment had no statistically significant effect in 2012. In 2013, the single factors of irrigation or fertilizer very significantly ( < 0.01) affected the stem diameter, but irrigation × fertilizer had no statistically significant effect. In addition, the rate of stem diameter increase decreased obviously at 37 days after transplanting, and the added values of stem diameter ranged from 0.9 to 2.2 mm at the blossoming and bearing fruits stage. The average stem diameter in F3 was significantly lower than that in the F1 and F2 treatments, and the fertilizer treatment very significantly influenced the tomato stem diameter. By 53 days after transplanting, the rate of stem diameter increase had undergone a steady decline, and the added value ranged from 0.6 to 1.1 mm. The influence of stem diameter on fertilization was greater than that on irrigation throughout the entire stage.
The major function of leaves is to take in carbon dioxide for photosynthesis, the process of converting light energy into chemical energy. The effects of irrigation and fertilization on the leaf growth rate at the whole growth stages are shown in Figure 4 . The overall pattern of change in the leaf growth rate was represented by positive-negative and single-peak curves in both years. The single factors of irrigation or fertilizer very significantly affected the leaf expansion rate, but irrigation × fertilizer had no statistically significant effect on the leaf growth rate at 23 days after transplanting. The highest leaf expansion rate was 4.5 cm D is the days after transplanting and columns with the same letter represent values that are significant at the 5% probability level. " * * * " means < 0.001, " * * " means 0.001 < < 0.01, " * " means 0.01 < < 0.05, and "NS" means > 0.05. transplanting. The highest average leaf expansion rate was produced in the F2 treatment, and the fertilizer amount very significantly affected the leaf expansion rate in 2012. The leaf area continued to increase, but the rate of increase decreased in 37−53 days after transplanting.
Dry Biomass Accumulation.
The effects of irrigation and fertilizer on tomato dry biomass accumulation and the distribution in different organs are shown in Table 3 . The highest dry biomass accumulation in the W1F1 treatment was 12 t⋅ha −1 , which was significantly higher than that in the other treatments; the fertilizer treatment significantly influenced dry biomass accumulation, but the irrigation treatment had no statistically significant effect in either year. The average root dry biomass in W1 (221.9 kg⋅ha −1 ) was 7% and 20.4% higher than that in the W2 and W3 treatments and the same as the stem and fruit dry biomass. There was no significant difference between the W1 and W2 treatments, and the average dry biomass accumulation in W1 was 6% and 6% higher than W2 in 2012 and 2013, respectively. With the same irrigation amount, the dry biomass accumulation in the F2 treatment was higher than that in the F1 and F3 treatments.
Tomato Yield.
The interactions between irrigation and fertilizer treatments were important for tomato yield, and the single factors of irrigation or fertilizer very significantly ( < 0.01) affected the fruit yield in two consecutive years ( Figure 5 ). The highest fruit yield was 96.7 t⋅ha −1 in the W1F1 International Journal of Agronomy Columns with the same letter represent values that are significant at the 5% probability level. " * * * " means < 0.001, " * * " means 0.001 < < 0.01, " * " means 0.01 < < 0.05, and "NS" means > 0.05.
treatment, which was 9.7% and 17.7% higher than that in W2F1 and W3F1 in 2012. The same result was produced in 2013, and the highest fruit yield was 97.1 t⋅ha −1 in the W1F1 treatment, which was 12.5% and 19.9% higher than that in W2F1 and W3F1. In both years, the results indicated that the increased irrigation level and fertilizer rate increased the fruit yield of tomatoes. The mean fruit yield of the W1 treatment was 88.9 t⋅ha −1 in 2012, which was 6% and 13.5% higher than that in W2 and W3. The mean fruit yield in the F1 treatment was 87.9 t⋅ha −1 in 2012, which was 3.9% and 12.4% higher than that in F2 and F3. The results indicated that fruit yield had a slightly higher sensitivity to treatment with irrigation than to that with fertilization.
Water Use Efficiency.
The effects of irrigation and fertilizer on the WUE are shown in Figure 6 . The irrigation treatment significantly affected the WUE. The results showed a significant negative correlation between WUE and irrigation amount. The highest WUE was obtained in the W3F1 treatment and was 45 kg⋅m −3 and 47.7 kg⋅m −3 in 2012 and 2013, respectively. When the irrigation amount decreased, the WUE increased. The average WUE in the W3 treatment was 27.3% and 18.7% higher than that in the W1 and W2 treatments in 2012, and the same result was observed in 2013. There was a positive correlation between the WUE and fertilizer amount; the average WUE in the F3 treatments was 14.8% and 10.7% higher than that in the F1 and F2 treatments in 2012. The results indicated that the WUE was more sensitive to irrigation than fertilizer.
Recommended Levels of Irrigation and Fertilization.
The regression model was used to predict the effect of an unknown dependent variable on the fruit yield and WUE, given the values of the independent variables of irrigation amount and fertilizer level. The fertilizer and irrigation supply affected the fruit yield and WUE, with a very significant interaction between them in both years. In the two successive growing seasons, the extreme calculation results showed that the fruit yield peaked at the maximal irrigation amount, while the WUE peaked at the minimal irrigation amount.
International Journal of Agronomy Therefore, the tomato yield and WUE cannot simultaneously reach their maxima.
When the WUE was maximal, irrigation was minimal, and the fertilizer amount was close to maximal. Therefore, it is necessary to perform further studies on the input of irrigation and fertilizer, which affect fruit yield and WUE.
In our study, a multiple regression analysis was used to develop a hypothesis in which fruit yield and WUE were equally important ( 1 = 2 = 0.5). The relationships among irrigation, fertilizer, and the weighted fruit yield and WUE were determined using the following equations: 
where is the optimization value considering the fruit yield and WUE (t⋅ha −1 ), is the irrigation amount (mm), and is the fertilizer amount (kg⋅ha −1 ). The optimal value of the target function was calculated by MATLAB. The irrigation amount and fertilizer amount were 151 mm and 453.6 kg⋅ha −1 (nitrogen, phosphorus, and potassium fertilizers were 213.5, 106.7, and 133.4 kg⋅ha −1 , resp.) in 2012, respectively. The irrigation amount and fertilizer amount were 207.8 mm and 461.08 kg⋅ha −1 (nitrogen, phosphorus, and potassic fertilizers were 217, 108, and 135.6 kg⋅ha −1 , resp.) in 2013, respectively.
Discussion
The relationships between the growth indexes and the irrigation amount and fertilizer level were statistically analyzed, and the positive correlation was significant. In two consecutive years, the plant height and leaf growth rate were higher in W2F1 than in the other treatments at 23 days after transplanting, which may be due to water consumption. The results were the same as those of Zhu et al. [35] , who reported that higher levels of irrigation can inhibit plant height increase. It is of great importance to study the growth and soil water required for tomato dry matter accumulation under irrigation and fertilization strategies with drip irrigation, as too much water can cause excessive vegetative growth; the most important thing is the proper proportion of irrigation and fertilizer [36] . There was a positive correlation between dry matter accumulation and fertilizer amount, and fertilizer treatment was more sensitive to dry matter accumulation than irrigation treatment. During the growth period, the leaf growth rate increased rapidly at first, and then the rate of 8
International Journal of Agronomy increase decreased and the growth plateaued. There was no significant difference between the irrigation treatment and leaf growth rate, and the same result was obtained as with dry matter accumulation. Crop evapotranspiration is closely related to crop growth and water consumption during crop growth, which is irreversible. The result was same as that of Wang et al. [37] , the tomato dry matter accumulation was mainly due to irrigation and fertilization, and there was no significant difference in the dry matter accumulation at the whole growth stage. Fertilization was more sensitive to fruit yield than irrigation and the irrigation treatment was more sensitive than the interaction between irrigation and fertilization [38] . The results showed that irrigation and fertilization had significant effects on tomato yield, and the effects of the interaction between irrigation and fertilizer were very significant. The same results were obtained in greenhouse that there was a significant difference in the tomato yield in the irrigation and fertilization treatments, due to irrigation, fertilizer, and the interaction between the two factors [39] . However, in this experiment, the interaction between irrigation and fertilization was more sensitive than the single factors of fertilization or irrigation; the reason for this result may be that the effect of the interaction between water and fertilizer was obvious and could be used in further studies on the effect of the interaction between irrigation and fertilization on tomato growth.
The results showed that different irrigation and fertilization supplies significantly affected the WUE and that the effect of irrigation treatment on the WUE was significant. The influence of the interaction between irrigation and fertilization on the WUE was not significant; however, the effect of irrigation treatment on the WUE was greater than the effect of fertilization. Javanmardi and Kubota [40] and Maria do Rosário et al. [41] reported that fertilizer improved the WUE; under the same irrigation level, fertilization could effectively improve the WUE. This result is consistent with our experimental results. There are two reasons explaining why fertilization improved the WUE. One reason might be that fertilization can promote tomato root growth and development, thereby improving the root system's capacity to absorb water and nutrients [42] . Another reason may be that tomato water consumption improved during growth, causing the roots near soil water movement to increase the efficiency of soil water absorption and to further improve the WUE of the soil.
Conclusions
Generally, it is difficult to obtain the maximal WUE and the maximum yield simultaneously. Reducing the amount of irrigation water will result in higher WUE; based on this characteristic, the highest WUE and fruit yield cannot occur at the same time. According to this characteristic, tomatoes require fertilizer and water at the same time. The tomato yield and WUE are equally important and the tomato yield and WUE coefficients are each 0.5. An irrigation amount of 151.1 to 207.8 mm and a fertilizer amount of 453.6 to 461.1 kg⋅ha 
